DNA topoisomerases are required to resolve DNA topological stress. Despite this essential 13 role, abortive topoisomerase activity generates aberrant protein-linked DNA breaks, 14 jeopardising genome stability. Here, to understand the genomic distribution and 15 mechanisms underpinning topoisomerase-induced DNA breaks, we map Top2 DNA 16 cleavage with strand-specific nucleotide resolution across the S. cerevisiae and human 17 genomes-and use the meiotic Spo11 protein to validate the broad applicability of this 18 method to explore the role of diverse topoisomerase family members. Our data 19 characterises Mre11-dependent repair in yeast, and defines two strikingly different fractions 20 of Top2 activity in humans: tightly localised CTCF-proximal and broadly distributed 21 transcription-proximal. Moreover, the nucleotide resolution accuracy of our assay reveals 22 the influence primary DNA sequence has upon Top2 cleavage-for the first time 23 distinguishing canonical DNA double-strand breaks (DSBs) from a major population of DNA 24 single-strand breaks (SSBs) induced by etoposide (VP16) in vivo. 25 26 27 101 1995; Keeney et al., 1997), an orthologue of archaeal Topoisomerase VI (Bergerat et al., 102 1997). We first verified this enrichment principle using meiotic sae2Δ cells, in which Spo11-103 linked DSBs are known to accumulate at defined loci due to abrogation of the nucleolytic 104 pathway that releases Spo11 (Keeney and Kleckner, 1995; Neale et al., 2005). To 105 demonstrate specific enrichment of protein-linked molecules, total genomic DNA from 106 Gittens et al. 2019 meiotic S. cerevisiae cells was isolated in the absence of proteolysis, digested with PstI 107 restriction enzyme, and isolated on glass-fibre spin columns (Figure 1A, Methods) . We 108 used eluted material to assay a known Spo11-DSB hotspot by Southern blotting (Figure   109 1B). While DSB fragments are a minor fraction of input material (~10% of total), and were 110 absent in wash fractions, DSBs accounted for >99% of total eluted material, indicating 111 ~1000-fold enrichment relative to non-protein-linked DNA (Figure 1B) . 112 113 CC-seq maps known Spo11-DSB hotspots genome-wide with high reproducibility 114 To generate a genome-wide map of Spo11-DSBs, genomic DNA from meiotic sae2∆ cells 115 was sonicated to <400 bp in length, enriched upon the silica column, eluted, and ligated to 116 DNA adapters in a two-step procedure that utilised the known phosphotyrosyl-unlinking 117 activity of mammalian TDP2 to uncap the Spo11-bound end ('CC-seq'; Figure 1A / 118 Methods) (Cortes Ledesma et al., 2009; Johnson et al., 2019). Libraries were paired-end 119 sequenced and mapped to the S. cerevisiae reference genome (Table S1) alongside reads 120 from a previous mapping technique ('Spo11-oligo-seq') that relies on the isolation of 121 Spo11-linked oligonucleotides generated in wild-type cells during DSB repair (Pan et al., 122 2011). CC-seq revealed sharp, localised peaks ('hotspots') in SPO11+ cells (Figure 1C, 123 middle) that visually (Figure 1C) and quantitatively (Figure S1A, r=0.82) correlate with 124 Spo11-oligo seq, and that are absent in the spo11-Y135F control strain (Figure 1C, 125 bottom) in which Spo11-DSBs do not form (Bergerat et al., 1997), demonstrating that 126 signal detected by CC-seq accurately reflects the distribution of Spo11 cleavages. 127 Moreover, CC-seq maps generated from independent biological samples were highly 128 correlated (Figure S1B; r = 0.98), demonstrating very high reproducibility. Finally, when 129 analysed at nucleotide resolution, CC-seq revealed high correlation (r = 0.85) between the 130 frequency of Watson-mapping and Crick-mapping cleavage sites, when offset by a single 131 bp (Figure 1E and S1C) . This correlation is expected because of the 2 bp 5' overhang 132 generated at Spo11-DSBs in vivo (Fig1D; e.g. (Liu et al., 1995) )-demonstrating the 133 nucleotide resolution accuracy of CC-seq, which is further supported by our observation of 134 nucleotide composition preference at the site of cleavage (Figure 1E) . 135 136 CC-seq enriches and maps Top2-linked DNA fragments from S. cerevisiae 137 Confident in the specificity of CC-seq to map meiotic protein-linked DSBs with high 138 resolution and dynamic range, we next employed CC-seq to map within S. cerevisiae the 139
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DNA topoisomerases are a broad and ubiquitous family of enzymes that tackle topological 29 constraints to replication, transcription, the maintenance of genome structure and 30 chromosome segregation in mitosis and meiosis (Pommier et al., 2016) . Although the 31 specific mechanisms by which this is accomplished vary considerably across the family, 32 key aspects are shared: including single or double-strand DNA cleavage to form a transient 33 covalent complex (CC), which allows alteration of the topology of the nucleic acid substrate 34 prior to religation (Wang, 2009 ). These processes are essential but carry with them a 35 significant risk to genome stability because the CC may be stabilised as a permanent 36 protein-linked DNA break by several physiological factors; such as the proximity of other 37 DNA lesions ( Wang et al., 1999) , the 39 collision of transcription and replication complexes (Wu and Liu, 1997; Hsiang et al., 1989) , 40 denaturation of the topoisomerase (Liu et al., 1983) , or by the binding of small molecules 41 that inhibit religation (Reviewed in (Nitiss, 2009) ). Topoisomerase-induced DNA strand 42 breaks have been proposed to constitute a significant fraction of the total damage to 43 genomic DNA per day, and have been linked to the genesis and development of various 64 formation driven by a biological need for decatenation (Pommier et al., 2016) , previous 65 research has suggested that etoposide and other Top2 poisons may induce a population of 66 DNA single-strand breaks (SSBs), due to independent inhibition of each active site 67 (Wozniak and Ross, 1983; Long et al., 1986; Zwelling et al., 1981; Pommier et al., 1984;  68 Bromberg et al., 2003) . Yet, despite the use of etoposide in chemotherapy, and the different 69 toxicity of these two classes of DNA lesion, the prevalence of Top2-SSBs remains unclear. 70 
71
More recently, general DSB mapping techniques have been applied to map etoposide- 72 induced lesions (Canela et al., 2017; Crosetto et al., 2013; Yan et al., 2017) . However, such 73 methods are only able to map DSB ends, which therefore excludes and obscures 74 etoposide-induced SSBs. Moreover, these methodologies lack specificity for protein-linked 75 DNA ends, and require nucleolytic processing to blunt 5' DNA termini as part of sample 76 preparation (Canela et al., 2017) . When combined, these factors lead to loss of nucleotide 77 resolution at the site of Top2 cleavage. 78 79 To generate a more complete, and direct, picture of topoisomerase action across the 80 genome, we present here a technique for nucleotide resolution mapping of protein-linked 81 SSBs and DSBs (referred to collectively here as "Covalent Complexes"; CC), which we 82 demonstrate to be generally applicable in both yeast and human cell systems. We establish 83 with high confidence that the technique is able to map both the positions of Top2 CCs and 84 also CCs of DNA linked to the meiotic recombination protein Spo11, which is related to the 85 archaeal Topoisomerase VI (Bergerat et al., 1997) . Furthermore, we provide insights into the 86 spatial distribution of human TOP2 CCs, including comparative analysis of their local 87 enrichment around transcription start sites (TSSs) and CTCF-binding motifs. We find that 88 TSS-proximal TOP2 CC levels are strongly correlated with transcription, a question that has 89 come under scrutiny recently (Canela et al., 2017) . Finally, we present compelling evidence 90 that etoposide induces a majority of Top2-linked SSBs in vivo, corroborating previous 91 research and revealing, for the first time, that this is governed by primary DNA sequence at 92 the cleavage site. 93 
94
Results 95 CC-seq enriches Spo11-linked DNA fragments 96 To elucidate the in vivo functions of topoisomerase-like enzymes, we set out to establish a 97 direct method (termed 'CC-seq') to enrich and map protein-DNA covalent complexes (CC) 98 genome-wide with nucleotide resolution. Silica fibre-based enrichment of CCs has been 99 used to study the adenovirus DNA terminal protein complex (Coombs and Pearson, 1978) , 100 and in the original identification of the meiotic DSB-inducer Spo11 (Keeney and Kleckner, covalent complexes generated naturally by Topoisomerase 2 (Top2) that become stabilised 140 upon exposure to etoposide, and are thus a proxy for sites of Top2 catalytic activity 141 (Minocha and Long, 1984; Chen et al., 1984; Wu et al., 2011) . Because S. cerevisiae is 142 relatively insensitive to etoposide, we utilised a strain background ('pdr1∆') in which the 143 action of the major drug export pathways are downregulated due to modulation of PDR1 144 activity (Stepanov et al., 2008) . As expected, the pdr1∆ background dramatically increased 145 cellular sensitivity to etoposide, which was further enhanced by mutation of SAE2 and 146 MRE11 (Figure 2A) Spo11 and Top2 to interact with the DNA helix-an interpretation underpinned by an 168 anticorrelation with nucleosome occupancy (Figure S1D and S3A) . Nevertheless, the fact 169 that S. cerevisiae Top2 CC signal is not correlated with proximal gene expression-neither 170 in untreated cells, nor following etoposide exposure ( Figure S3B )-suggests that in the 171 gene-dense S. cerevisiae genome topological stress may be dealt with by Top2 at sites 172 dislocated from where it is generated. By contrast, Spo11 activity is positively correlated 173 with gene expression (Figure S1D) , perhaps due to the influence transcription has upon the 174 generation of higher order chromatin loop structures (Schalbetter et al., 2018) , which in turn 175 are known to pattern Spo11-DSBs (Sun et al., 2015) . 176 177 Interestingly, Top2 CC signal remained weakly correlated over greater distances than 178 Spo11 (Figure 2D ), suggesting localised 5-10 kb wide regions of enriched activity-much 179 larger than Spo11-DSB hotspots (generally <500 bp in size; Figure 1C ; (Pan et al., 2011) ). 180 Top2 activity was strongly correlated between Watson and Crick strands when offset by 3 181 bp (Figure 2E and S2F 187 Having demonstrated that CC-seq is applicable for mapping two divergent types of 188 topoisomerase-like covalent complexes in S. cerevisiae, we applied CC-seq to map TOP2 189 activity in a human cell system. Asynchronous, sub-confluent RPE-1 cells were treated with 190 etoposide (VP16) in the presence of MG132 proteasome inhibitor, in order to limit potential 191 proteolytic degradation of TOP2 CCs that might otherwise hamper enrichment (Figure 1A) . 192 Slot-blotting and immunodetection with anti-TOP2β antibody demonstrated complete 193 recovery of input TOP2β-linked CCs within the column elution, with no TOP2β remaining in 194 the flow through or being removed by the washes (Figure 3A) . Eluted material was used to 195 generate sequencing libraries from three replicate control (-VP16) and four replicate 196 etoposide-treated samples (+VP16), and high-depth paired-end sequencing reads (Table   197 S2) were aligned to the human genome (hg19; Methods). The human genome encodes two type-IIA topoisomerases, TOP2α and TOP2β 211 (Introduction). To demonstrate the specificity of CC-seq to map human TOP2 activity we 212 used CRISPR-Cas9 to generate a human RPE-1-derived cell line with homozygous 213 knockout mutations in the non-essential TOP2B gene, and arrested cells in G1 ( Figure S5A ) 214 when TOP2α is not expressed (Heck et al., 1988; Woessner et al., 1991; Negri et al., 1992) . 215 TOP2α and TOP2β expression was undetectable in such G1-arrested cells (Figure S5B) , 216 and importantly, VP16-induced ɣ-H2AX foci were reduced ~7-fold relative to wild type 217 control lines, indicating that most of the signal is TOP2β-dependent (Figure S5C-D) . 218 
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Next, we applied CC-seq to asynchronous and G1-arrested wild type and TOP2B -/cells. In To investigate the relationship between CTCF and TOP2 activity, we filtered CTCF motifs to 256 include only those that overlapped an RPE-1 CTCF ChIP-seq peak (Methods; (Akimitsu et 257 al., 2003) ). After aligning Watson and Crick motifs in the same orientation, we frequently 258 observed a strong TOP2 CC peak upstream of the motif centre and accompanied by more is not due to technical differences in mapping methodologies. Based on the twin-domain 300 model of DNA supercoiling, topological stress is expected to increase not just with gene 301 expression level, but also with increasing gene length (Liu and Wang, 1999) . In support of 302 this idea, we observe a strong positive correlation between human TOP2 CC enrichment Notably, the increased density of etoposide-induced human TOP2 CCs at strongly 310 expressed genes is 2.7-fold greater than at strongly bound CTCF motifs (Figure 5B Local DNA sequence and methylation status direct the formation of Top2 CCs 316 Previous reports suggest that etoposide induces a majority of SSBs, rather than DSBs, due 317 to independent poisoning of each active site in the Top2 homodimer (Bromberg et al., 318 2003). In our yeast and human datasets, we similarly observe more single-strand Top2 CCs 319 (90.1% and 94.2%, respectively) than double-strand Top2 CCs (9.9% and 5.8%, 320 respectively) following etoposide exposure ( Figure 6A) The human genome is subject to methylation of cytosine (meC) at CpG sites. Dramatically, 356 meC completely abolishes the formation of VP16-induced TOP2 CCs (Figure 6D) , 357 suggesting this bulky group may interfere sterically with the VP16-Top2-DNA ternary 358 complex, modifying TOP2 catalysis. Collectively, these observations demonstrate that local 359 DNA sequence composition-including epigenetic marks-are major determinants of both 360 TOP2 CC abundance and the differential generation of SSBs and DSBs by VP16 in vivo. detail, and clarify the role of TOP2 in these processes. Importantly, whilst Top2 activity is 399 certainly highly enriched at CTCF-bound genomic loci, the total amount of activity at any 400 given CTCF locus is many times lower than observed at transcriptionally active genes. 401 Nevertheless, it is critical to emphasise that because of the great abundance of CTCF-402 bound sites compared to active genes, total aggregated TOP2 activity is globally similar for 403 CTCF-associated versus transcriptionally active regions of the genome. (Reece and Maxwell, 1991) . Strikingly, whilst we observe a core central motif for 429 Top2, there are no such flanking motifs over these ranges, in agreement with its lack of 430 DNA wrapping domains ( Figure S3D ). We do, however, observe two more-proximal 431 flanking regions centred ~±20 bp from the site of cleavage, each with ~10.5 bp periodicity 432 ( Figure S3E ), suggesting that Top2 also bends its DNA substrate-in agreement with a 433 recent biophysical study . Data availability 490 All strains and cell lines listed in Table S3 and S4 are available on request. Sequencing 491 reads are available via the NCBI Sequence Read Archive (accession numbers pending).
493
Methods
494
Yeast strains, culture methods and treatment 495 The Saccharomyces cerevisiae yeast strains used in this study are described in Table 2 Human cell lines, culture methods and treatment 513 The human cell lines used in this study are described ( Supplementary Table 3 18 hours. The gel was imaged using InGenius (Syngene) bioimaging system to check 557 migration and then exposed to 180 mJ/m 2 UV in the Stratalinker (Stratagene). The gel was 558 then soaked in three times its volume of denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 559 30 minutes and then transferred to Zetaprobe (Bio-Rad) membrane by means of a vacuum 560 at 55 mBar for 2 hours. After transfer the membrane was washed in water ten times and 561 then cross-linked by exposing the membrane to 120 mJ/m 2 UV in the Stratalinker. The and RPE-1 cells were exposed to etoposide and processed until just after sonication, A meiotic time course is performed for a sae2! strain and cells harvested at 6 hours. Unproteolysed genomic DNA was extracted as described in Figure 5 .2. Molecules were precipitated with ethanol, resuspended in 1! TE and restriction enzyme digested with PstI for 1 h at 37 °C to fragment the DNA ('INPUT'). The sample is bound to the glass fibre membrane of a QIAQuick spin column and centrifuged. The flow-through was rebound to the column and centrifuged again to increase yield (second flow-through -'UNBOUND'). The membrane is washed using TEN (10 mM Tris Base!HCl pH 8.0, 1 mM EDTA, 300 mM NaCl) to remove any non-protein-bound DNA (fraction taken -'WASH'). Spo11-bound DNA is released from the column using two sequential 50 µl TES buffer (10 mM Tris Base!HCl pH 8.0, 1 mM EDTA, 0.5% SDS) ('ELUATE'). All samples were Proteinase K treated (unless stated) at 60 °C for 1 hour and the samples separated on a 0.7% agarose gel for 18 hours at 60 V. The gel was transferred to nylon membrane under denaturing conditions and hybridised with a radioactive probe for the HIS4::LEU2 locus. The membrane was exposed to a phosphor screen and image taken using a Fuji phosphor scanner. Serial spot dilution assays of sensitivity to etoposide of stated S. cerevisiae mutants. The sensitivity cassette ('PDR1') consists of a deletion of the PDR1 gene and a fusion of the transcriptional repressor CYC8p to the DNA binding domain of Pdr1p. A&C. Cells were grown overnight at 30 °C, diluted to an OD 600 of 0.5 in fresh YPD and grown to an OD 600 of 2.0. A serial 10-fold dilution series, starting at OD 600 2.0, were spotted onto YPD plates containing the stated final concentration of etoposide (A) or DMSO (C) and grown at 30 °C for 3 days. B. Overnight cells were diluted to an OD 600 of 0.5, grown to an OD 600 of 2.0 and the culture split into four. Cells were taken at time 0 ('t0') and a serial dilution series was spotted. 1 µM Etoposide or DMSO was added and incubated for the stated exposure time. A serial 10-fold dilution series was spotted and cells grown at 30 °C for 3 days. Images were taken using a Syngene InGenius bioimaging system. Experiment was performed by Holly Thomas.
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A 10 1 10 2 10 3 10 4 -10 1 10 2 10 3 10 4 -10 1 10 2 10 3 10 4 -10 1 10 2 10 3 10 4 - Figure S5 . CC-seq signal is TOP2-dependent A) DNA content histograms of wild type (WT) and TOP2B -/-RPE-1 cells under asynchronous (10% FCS) and serum-deprived (0% FCS) conditions, as measured by FACS following propidium iodide (PI) staining. G1, S and G2 populations are clearly present under asynchronous growing conditions. A strong G1 arrest is observed in serum deprived conditions. Percentages of cells in each of the indicated regions (red dotted brackets) are given. B) Western blots demonstrating the absence of TOP2β protein in serum deprived and asynchronous TOP2B -/-RPE-1 cells (left), and the absence of TOP2α in serum deprived wild type and TOP2B -/-RPE-1 cells (right). Ponceau S total protein loading is presented (Pon. S) for the left and right panels, and additionally a Ku80 loading control is included for the right panel. C) Immunofluorescence experiment demonstrating induction of γ-H2AX foci (green) in asynchronous (Async.) and serum-deprived (Ser. Dep.) wild type (WT) and TOP2B -/-RPE-1 cells, all co-stained with DAPI (blue). Galleries of nine cells per condition were chosen randomly using Olympus ScanR Analysis software. D) Quantification of (C). Numbers of γ-H2AX foci per cell were counted automatically using Olympus ScanR Analysis software. The mean ±SEM is reported for n= 3 biological replicate experiments. E) Broad-scale H. sapiens TOP2 CC-seq maps in asynchronous and serum-deprived wild type (WT) and TOP2B -/-RPE-1 cells -VP16 (orange) and +VP16 (green). Raw hits on Watson and Crick strands were summed and smoothed according to local signal density (Fsize=501). 
